Abstract. Wind turbine blades icing often occurs in winter when the blades suffer from supercooled droplets. Ice on blades changes the airfoil profile, reducing the work efficiency of the wind turbine. In this paper, by establishing the icing model for wind turbine, the roughness effects on glaze ice growth are studied, where the ice shape is numerically simulated with different roughness.
Introduction
As the global environment is getting deteriorated, renewable energy, especially wind energy has been widely exploited around the world. Wind energy is rich in south China, where most of the areas suffer from glaze icing problem though. The supercooled droplets freeze on the cold wind turbine blades, which seriously affects the normal operation of wind turbine. Some research has been on the wings icing by computational fluid dynamics (CFD), such as LEWICE [1] , FENSAP-ICE [2] . Most of the ice prediction code can do well in the rime growth. The glaze ice growth, however, is difficult to be predicted [3] since many factors are ignored in the ice growth such as surface roughness and water film.
Surface roughness, which is mainly influenced by ice, is defined by the equivalent sand grain roughness k s [4] . Hansman [5] studied the ice roughness distribution, and proposed the roughness model which composed of smooth zone, transition zone and rough zone. Fortin [6] also divided the surface in three parts: films, beads and rivulets. LEWICE defined the roughness based on the environmental parameters, which was improved by Shin [7] . In this paper, the surface roughness effects on ice shape of wind turbine are discussed with the establishment of the ice growth model and ice shapes are simulated with various roughness.
Ice growth model
The 2-D ice growth still follows the Messinger theory [8] , which is widely used in some famous ice growth code. The profile can be divided into a lot of parts, whose length is short near the nose and long near the tail. The water will flow from one control volume to the next along the profile if it does not freeze.
Mass and heat balance
The mass balance in a control volume is:
Where, m im denotes the mass of droplets impinging on the blade profile. m in and m out denote the previous water into the control volume and the water flowing out to the next one respectively. m eva denotes the evaporating water and m ice denotes the ice mass of the control volume.
m im contributes most to the ice growth, which can be described as [9] :
Where, LWC denotes the liquid water content, β denotes the collision efficiency of the droplet, V ∞ denotes the resultant velocity of wind and rotation, A denotes the sectional area.
Freezing fraction f denotes the ratio of freezing water in the control volume. It can be expressed as follow:
Besides, the heat transfer in the control volume can be described as:
Where, Q im denotes the impingement energy of surpercooled water, Q in denotes the energy of the incoming water, Q eva denotes the evaporation heat, Q i denotes the heat released from icing, Q out denotes the outgoing water, Q f denotes the friction heat, Q c denotes the convective heat.
Heat transfer coefficient plays a vital important role in the glaze ice growth. According to Chilton-Colburn [9] , which is a successful and widely used analogy between heat, momentum, and mass transfer, the coefficient in rough surface is described as:
Where ρ a is the air density, c a is the specific heat of air. U e is the local edge velocity, which is relative to the boundary thickness. At the stagnation point, the fluid flow is laminar flow. As the air flows along the profile, the boundary thickness δ increases, and the fluid flow transforms to turbulence.
Flow field
Considering the roughness effect, the fluid field is calculated by the k-ω turbulent model [10] . The local velocity near the blade can be expressed as follows: 
Where, U * is the coefficient of friction resistance, constants κ = 0.42 and E = 9.793. The different flow field changes the droplets trajectory, which leads to various collision efficiencies. Discrete phase model (DPM) is used for the calculation of droplet trajectory. The collision location of droplets can be obtained by solving DPM control equations. The local collision efficiency of droplets is defined as [11] 
Where dY is the initial distance of two adjacent droplets, and dL is their distance on the profile. 
Discussion
According to the ice growth model, the ice shape changes are monitored with roughness of 0.1mm, 0.2mm and 0.8mm, and under two angle of attack (AOA) cases as shown in Fig.3 . The environmental conditions are shown in Table 1 , where the large droplets splashing are not considered. The simulation time is set to be 60s. It is shown that roughness changes the ice shape obviously. The ice growth rate is more rapid under larger roughness, especially on the nose of the profile. The ice shape tends to more obvious double angle. However, the ice area extends with smaller roughness. Because the freezing fraction is smaller with smaller roughness, water can flow farther until it freezes. Besides, more ice accumulates on lower surface and less accumulates on upper surface under large AOA. The ice roughness effect becomes smaller when AOA increases.
Conclusion
A 2-D icing model for wind turbine is proposed in the paper. The influence of roughness on wind turbine icing is studied by monitoring ice shape changes. More ice accumulates with the roughness, especially on the nose of the profile. However, the ice area is smaller with larger roughness due to lack of water flow. The ice shape is influenced more greatly by AOA. More ice accumulates on the tail and less on the nose with AOA.
